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Tissue regenerationEctopic accumulation of adipose in the skeletal muscle is associated with muscle wasting, insulin resistance
and diabetes. However, the developmental origin of postnatal intramuscular adipose and its interaction with
muscle tissue are unclear. We report here that compared to the fast EDL muscles, slow SOL muscles are more
enriched with adipogenic progenitors and have higher propensity to form adipose. Using Cre/LoxP mediated
lineage tracing in mice, we show that intramuscular adipose in both EDL and SOL muscles is exclusively de-
rived from a Pax3− non-myogenic lineage. In contrast, inter-scapular brown adipose is derived from the
Pax3+ lineage. To dissect the interaction between adipose and skeletal muscle tissues, we used Myf5-Cre
and aP2-Cre mice in combination with ROSA26-iDTR mice to genetically ablate myogenic and adipogenic
cell lineages, respectively. Whereas ablation of the myogenic cell lineage facilitated adipogenic differentia-
tion, ablation of the adipogenic cell lineage surprisingly impaired the regeneration of acutely injured skeletal
muscles. These results reveal striking heterogeneity of tissue-speciﬁc adipose and a previously unappreciated
role of intramuscular adipose in skeletal muscle regeneration.
© 2011 Elsevier Inc. All rights reserved.Introduction
Obesity due to metabolic dysfunction and excessive fat (adipose)
accumulation has become a global health concern. Increased body
fat content further leads to reduced insulin sensitivity and diabetes
mellitus. Among the many fat depots, one that is not well appreciated
is the fat in skeletal muscles(Vettor et al., 2009). It is estimated that
muscle fat forms a depot in size equivalent to the visceral fat and its
increases correlate to muscle insulin resistance(Gallagher et al., 2005).
The muscle fat includes acellular lipid droplets within muscle cells
(myoﬁbers) known as intramyocellular triacylglycerides (IMTG) and
adipocytes distributed in the muscle interstitium or surrounding
muscle fascicles that are referred to as intramuscular adipose tissue
(IMAT)(Vettor et al., 2009). Whereas IMTG can act as an energy source
besides glucose to fuel muscle contraction and its content may or may
not be linked to metabolic syndromes, increased IMAT has been shown
to be directly linked to insulin resistance and diabetes(Schrauwen-
Hinderling et al., 2006; Yim et al., 2007). Currently, little is known
about the origin, or progenitor cell lineage that contributes to the devel-
opment, of IMAT.
Increased muscle fat content is commonly associated with muscle
wasting conditions such as aging-related sarcopenia and disuse-st State Street, West Lafayette,
rights reserved.related muscle atrophy. In these conditions, a loss of muscle tissue
is always accompanied by fat and connective tissue inﬁltration, a con-
dition known as myosteatosis (Taaffe et al., 2009). Muscular atrophy
found with aging and disuse is characterized by a transition in muscle
contractile protein from slow to fast myosin heavy chain isoforms, ac-
companied by metabolic changes including a fuel transition toward
glycolysis, decreased capacity for fat oxidation and energy substrate
accumulation in the atrophied muscles (Stein and Wade, 2005). Sim-
ilar irreversible fatty inﬁltration, impaired capacity of mitochondria to
oxidize fatty acids and increased synthesis of fatty acids occur under
disease conditions such as Duchenne Muscular Dystrophy (Lin et al.,
1969; Petrof et al., 1993). These changes may lead to accumulation
of fatty acids in the muscle interstitial preadipocytes and expansion
of IMAT in dystrophic and atrophic muscles.
Adipose inﬁltration into skeletal muscle is also common if myo-
genic development or regeneration is impaired. Pax7mutant muscles
fail to regenerate due to the critical role of Pax7 in muscle stem cell
(satellite cell) function (Kuang et al., 2006; Lepper et al., 2009).
Instead, injured and degenerated Pax7 mutant muscle is largely
replaced by ﬁbrous and adipose tissues(Kuang et al., 2006). Likewise,
adipose tissue inﬁltration into skeletal muscle is documented in
Myogenin, Myf5, MyoD knockouts or Myf5/MyoD compound mutants
that are characterized by defective differentiation or transient ampli-
ﬁcation of satellite cells(Braun et al., 1992; Gayraud-Morel et al.,
2007; Hasty et al., 1993; Nabeshima et al., 1993; Rudnicki et al.,
1992, 1993). These observations lead to two assumptions: 1) Satellite
cells may have taken an alternative differentiation path to contribute
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ﬁltrated adipose may have further inhibited muscle differentiation.
The ﬁrst assumption seems to be supported by in vitro experiments
showing that satellite cells are capable of multilineage, including
myogenic, adipogenic and osteogenic differentiation(Asakura et al.,
2001; Csete et al., 2001; Shefer et al., 2004).
However, recent studies demonstrate that adipocytes in the skeletal
musclemay be derived from amesenchymal progenitor population dis-
tinct from satellite cells. MyoD-Cre lineage tracing indicates that adipo-
cytes derived from skeletal muscle cultures are from a MyoD− lineage
(Starkey et al., 2011). Using Fluorescence Activated Cell Sorting tech-
nique, Uezumi et al. isolated non-myogenic PDGFRα+ mesenchymal
progenitors from skeletalmuscles and demonstrated that they efﬁcient-
ly differentiate into adipocytes in vitro and in vivo upon transplantation
into injured muscles(Uezumi et al., 2010). Meanwhile, Joe et al. inde-
pendently sorted CD34+/Sca1+ ﬁbro/adipogenic progenitors (FAPs)
frommuscle tissue and showed that they do not havemyogenic poten-
tial but are able to facilitate myogenesis in co-cultures (Joe et al., 2010).
Furthermore, Myf5-Cre mediated lineage tracing indicates that FAPs
are derived from a Myf5− lineage (Joe et al., 2010). Similarly, muscle
resident progenitors that are capable of differentiating into brown
adipocytes upon BMP7 treatment are shown to be derived from a
Myf5− lineage (Schulz et al., 2011). These results suggest that a muscle
residentMyf5−progenitor population is capable of adipogenic differen-
tiation but do not rule out the possibility that Myf5+ lineage satellite
cells can also adopt an adipogenic cell fate in vivo when local and
systemic environment changes due to injury or aging. It also remains
unclear whether Myf5− satellite cells, accounting for about 10% of all
Pax7+ satellite cells(Kuang et al., 2007), represent the muscle resident
adipogenic progenitors.
Another unresolved question is whether there are distinct popula-
tions of progenitors in the muscle that give rise to white adipose
tissue (WAT) and brown adipose tissue (BAT), respectively. The
Myf5-independency of muscle resident adipogenic progenitors indi-
cates that they are white preadipocyte, since BAT is derived from a
Myf5+ lineage(Seale et al., 2008). Yet BAT is abundantly distributed
in the skeletal muscle of the Sv129 strain mouse, and brown adipo-
cyte progenitors can be puriﬁed from human skeletal muscles
(Almind et al., 2007; Crisan et al., 2008). Therefore it is important to
characterize whether IMAT represents brown or white adipose.
In this study, we ﬁrst examined the abundance of adipogenic pro-
genitors and the adipogenic potential of different muscles enriched
with either oxidative slow ﬁbers or glycolytic fast ﬁbers. We then car-
ried out genetic lineage tracing using Pax3-Cre allele to dissect the
cell lineage origin of IMAT, and compared it to that of the BAT. Finally,
we dissected the interactions between adipogenic and myogenic pro-
cesses by selective ablation of one or the other cell lineages. Under-
standing the progenitor cell lineage origin of intramuscular adipose
and their interaction with skeletal muscle tissues may lead to novel
strategies to prevent or alleviate muscle wasting, insulin resistance
and obesity.
Materials and methods
Animals
All procedures on animals were performed in accordance with
Purdue University's Animal Care and Use Committee. Mice were
housed in the animal facility with free access to water and standard
rodent chow. The mice were harvested around 2-month-old unless
speciﬁed. The Myf5-Cre mice were provided by Dr. Philip Soriano
(Mount Sinai School of Medicine)(Tallquist et al., 2000). Other mice
were from Jackson Laboratory mice (Pax3-Cre stock #005549, aP2-
Cre stock #005069, mTmG stock #007576, ROSA26-iDTR stock
#007900) and PCR genotyping was done using protocols described
by the supplier.Culture of skeletal muscle derived primary cells
EDL and SOL muscles were collected, minced, and digested in 3–5
volumes of collagenase/dispase (Roche, 10ug/ml collagenase B,
2.4U/ml dispase in PBS) for 24 min. The digestion was stopped by
Dulbecco's Modiﬁed Eagle Medium (DMEM) with 2%FBS and 1%
Hepes, and was spun down at 450×g for 3 min. The pellet was resus-
pended in Ham's complete medium containing 20% FBS, 2% penicillin/
streptomycin (P/S) and 4 ng/ml bFGF in Ham's F-10 medium and
cultured in collagen-coated plates at 37 °C with 5% CO2. Debris and
non-adherent cells were removed by medium change at day 3 and
cells were fed with fresh medium every 2 days. Upon conﬂuence, cells
were differentiated in myogenic differentiation medium containing
DMEM with 5% FBS and P/S, or differentiated in adipogenic medium
containing 200 nM insulin (20 mg/ml in acetic acid, PH2-3, Sigma) and
10 nM Triiodothyronine (T3, Sigma).
BAT primary adipocyte cultures
Interscapular BAT depots were collected and trimmed free of
WAT, minced and digested with BAT isolation buffer for 30 min at
37 °C on a shaker. The isolation buffer contains 123 mM NaCl, 5 mM
KCl, 1.3 mM CaCl2, 5 mM Glucose, 100 mM Hepes, 4% BSA, 1%P/S
and 1.5 mg/ml Collagenase I. The digestion was stopped with DMEM
containing 2%FBS and 1% Hepes, ﬁltered through 100 μm ﬁlters, and
cells were pelleted at 450×g for 5 min. The cells were cultured in
growth medium containing DMEM, 20% FBS, 2% Hepes and 1% P/S at
37 °C with 5% CO2 for 3 days, and then fresh media was changed
every 2 days. Upon conﬂuence, cells were exposed to induction medi-
um for 4 days and then differentiation medium for several days until
adipocytes mature. The induction medium contains DMEM, 10% FBS,
2.85 μM insulin, 0.3 μM dexamethasone (DEXA) and 0.63 mM 3-
isobutyl-1-methylxanthine (IBMX) (Sigma), and the differentiation
medium contains DMEM, 10% FBS, 200 nM insulin and 10 nM T3.
Fluorescent activated cell sorting (FACS)
Primary myoblasts were cultured from the hindlimb muscles of
aP2-Cre/ROSA26-mTmG mice. Early passage (P3-P5) myoblasts
were harvested by trypsin (0.25% W/V) and resuspended with
Ham's complete medium into 5×106 cells/ml. Cells were ﬁltered
through 50 μm sterile nylon mesh right before the sorting. Cells are
selected on the basis of ﬂuorescence characteristics. Myf5-Cre/
mTmG myoblasts were used as a control for gating GFP+ cells and
mTmG myoblasts were used as a control for gating RFP+ cells. After
sorting, cells were collected in Ham's medium and cultured in CO2 in-
cubator at 37 °C. Cells were differentiated in differentiation medium
containing DMEM and 5% HS for 6 days before analysis.
Gene expression analysis
Quantitative Realtime polymerase chain reaction (qPCR) analysis
was performed using a Roche Lightcycler 480. RNA was extracted
and puriﬁed from muscle tissue or different cell cultures with
NucleoSpin RNA XS kit (MN) and converted into cDNA using MMLV
reverse transcriptase and random hexamer primers. The primers
used in the qPCR analysis are listed in Table S1. Each PCR reaction
contains 0.2 μl of each primer (20 μM), 4 μl cDNA (2.5 ng/μl), 5 μl
SYBR Green Mastermix (Roche) and 0.6 μl H2O. qPCRs were run for
40 cycles and the fold changes for genes were calculated by 2−ΔΔct
method using RPLP38 gene as housekeeping control.
Oil Red O staining and image analysis
Cultured cells were rinsed with PBS and ﬁxed with 10% formalde-
hyde for 15 min at room temperature. Tissue sections were ﬁxed with
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deionized water. Cells and tissue sections were stained in working
solution for 30–60 min at room temperature. The working solution,
freshly made and ﬁltered prior to staining, contained 6 ml Oil Red O
stock (5 g/L in isopropanol, Sigma) and 4 ml ddH20 for cultured
cells; or 12 ml Oil Red O stock (5 g/L in 60% triethylphosphate) and
8 ml ddH20 for tissue sections. After staining, plates and slides were
washed with distilled water for 10 min and mounted in glycerin
mounting medium. The signal density of Oil Red O staining was quan-
tiﬁed with Image-J software. Color images were ﬁrst converted to
gray scales and threshold was adjusted consistently to remove back-
ground coloration. The Area, Mean Gray Value and Integrated Density
were measured and calculated for relative signal intensity.
Cardiotoxin (CTX) and diphtheria toxin (DT) injections
Muscle regeneration was induced by injecting 50 μL CTX (10 μM,
Sigma) into the mid-belly of TA muscles. DT powder (Calbiochem)
was dissolved in PBS to make 1 mg/ml stock solution. 10 μl DT work-
ing solutions (20 μg/ml in saline) were mixed with CTX before inject-
ing into TA muscles. Muscles were harvested at different time points
(3–15 days) after injection and ﬁxed in 4% paraformaldehyde, sunk in
30% sucrose and embedded in OCT compound (Sakura Finetek) and
quickly frozen in dry ice cooled isopentane. Muscles were cut into
10 μm thickness using a Leica CM 1850 cryostat and the sections
were placed on superfrost plus glass slides. For cell ablation in culture,
a ﬁnal DT concentration of 200 ng/ml was added to culture medium
for 48 h.
Immunostaining and image capture
Fixed cells or tissue sections were blocked for 30 min in blocking
buffer containing 5% horse serum, 2% BSA, 0.2% triton X-100 and
0.1% sodium azide in PBS. Samples were then incubated with primary
antibodies diluted in blocking buffer for 1 h at room temperature,
followed incubating with secondary antibodies and Hoechst for
30 min at room temperature, and mounted with Dako ﬂuorescent
mounting media (Glostrup, Denmark). Fluorescent images were cap-
tured with a Coolsnap HQ CCD camera (Photometrics, USA) driven by
IP Lab software (Scanalytics Inc, USA) using Leica DMI 6000B ﬂuores-
cent microscope (Mannheim, Germany).
Hematoxylin and Eosin (H&E) staining
Cryosections from fresh-frozen tissues were washed with PBS for
3 times and incubated in hematoxylin for 5 min, rinsed with deio-
nized water followed by washing with tap water for at least 5 min
to allow the stain to develop. Slides were then incubated in eosin
for 45 s. The staining was dehydrated sequentially with 75%, 95%
and 100% ethanol for 2–5 min each. Slides were ﬁnally placed in
xylene for 10 min and mounted with cytoseal.
Statistical analysis
Data presented in this study were mean±standard error of the
mean. Numbers of repeats represent biological repeats unless indicat-
ed. P-values were calculated using two-tailed student's t-test.
Results
The fast EDL and slow SOL muscles have different adipogenic potentials
Fast and slow muscles have distinct insulin sensitivity and re-
spond differentially to muscle wasting (Lillioja et al., 1987). We thus
investigated the adipogenic potentials of different muscles known
to be primarily composed of fast or slow ﬁber types. The extensordigitorum longus (EDL) and soleus (SOL) were chosen as the EDL con-
tains 80% type IIx and IIb (glycolytic ﬁbers) and the SOL has 95% type I
and IIa (oxidative) ﬁbers (Waddell et al., 2010). Such dramatic differ-
ences in ﬁber type composition and metabolic properties make
them ideal representatives for investigating ﬁber type speciﬁc regula-
tion of adipogenesis.
Primary cells from equal amount of EDL and SOL muscles were
induced to differentiate under myogenic culture conditions. Within
3–4 days, differentiated myotubes were readily detectable in both
cultures (Figs. 1A and B). Interestingly, multilocular adipocytes
appeared in SOL-, but not EDL-, cultures at 6–10 days after induction
of differentiation (Figs. 1A and B). Addition of adipogenic inducing
agents, insulin and T3, greatly enhanced the efﬁciency of adipogen-
esis and resulted in adipocyte formation in EDL culture as well
(Figs. 1C and D). Oil red O staining demonstrated that the multilocu-
lar cells seen in the culture are lipid-ﬁlled adipocytes, and the signal is
more robust in SOL- compared to EDL-derived cell cultures (Figs. 1E
and F). Quantitative analysis conﬁrmed that there are more adipo-
cytes in the SOL than EDL cultures, with or without Insulin/T3 induc-
tion (Fig. 1G). Consistent to the marked differences in cell numbers,
the relative mRNA levels of the adipocyte-speciﬁc Pparγ and aP2
genes were more than 10-fold higher in the SOL than those in the
EDL cultures (Fig. 1H). Together, these results demonstrate the exis-
tence of IMAT progenitors capable of adipogenic differentiation in
both fast and slow muscles, and reveal distinct intrinsic adipogenic
capacity in the fast EDL and slow SOL muscles.
Different abundance and properties of IMAT progenitors residing in the
slow SOL and fast EDL muscles
The differential adipogenic potentials of EDL versus SOL muscles
prompted us to investigate if they are due to intrinsic difference
in progenitor cell properties or extrinsic regulation of the progenitors.
EDL and SOL conditioned media and co-culture experiments (Figs. S1
& S2) suggest that muscle speciﬁc extrinsic factors do not play a
major role in the adipogenic potential of IMAT progenitors. We there-
fore sought to determine the intrinsic difference (such as relative
abundance) of progenitor cells in EDL and SOL muscles. We assessed
the relative abundance of IMAT progenitors in these muscles using
several techniques. First, we labeled EDL and SOL sections with an an-
tibody to platelet-derived growth factor receptor alpha (PDGFRα)
that labels a population of muscle resident adipogenic progenitors
(Uezumi et al., 2010). PDGFRα+ cells can be identiﬁed in both EDL
(Fig. 2A) and SOL (Fig. 2B) muscle interstitium. The PDGFRα+ cell
number per unit square area was higher in the SOL compared to
EDL muscles (Fig. 2C). This observation is further supported by
qPCR results showing that PDGFRαmRNA was expressed more abun-
dantly in SOL- than EDL-derived adherent cells (Fig. 2D). It is impor-
tant to mention, however, that not all PDGFRα positive cells are
preadipocytes (Hu et al., 1998). Thus, we examined the expression
of two additional adipogenic markers, Pparγ and aP2, known to be
expressed by preadipocytes (Tang et al., 2008; Tchoukalova et al.,
2004). Both Pparγ and aP2mRNAswere about 2 timesmore abundant
in the SOL than EDL muscles (Figs. 2E and F). Furthermore, we con-
ducted limiting dilution culture analysis of all cells derived from a sin-
gle EDL or SOL muscle, and estimated that 1:100 dilution reliably gave
rise to adipocyte colonies in 20–90% of the cultures (Figs. 2G and H).
Under this dilution factor, adipocyte colonies were found in 85% of
the SOL cultures, but only in less than 40% of the EDL cultures
(Fig. 2I; pb0.05, n=3). Together, these data strongly suggest that a
higher abundance (roughly 2 times) of IMAT progenitors resides in
the slow SOL than fast EDL muscles.
The estimated two fold difference in progenitor cell number can-
not fully explain the 10-fold difference in the Oil Red O signaling
and adipogenic gene expression in adipocytes differentiated from
SOL and EDL muscles (Fig. 1). Additional intrinsic differences such
Fig. 1. In vitro adipogenic potentials of skeletal muscle resident progenitors derived from fast EDL (extensor digitorum longus) and slow SOL (soleus) muscles that predominantly
contain glycolytic (type IIx/d+IIb) and oxidative type (I+IIa) ﬁbers, respectively. A–B: EDL (A) and SOL (B) muscle derived primary cells differentiated under myogenic culture
conditions. Darker tubular cells are myotubes and multilocular cells (in B) are adipocytes. C–D: EDL (C) and SOL (D) muscle derived primary cells differentiated under adipogenic
culture conditions (with insulin and T3 induction). E–F: Oil Red O staining showing lipid-ﬁlled cells in EDL (E) and SOL (F) muscle derived primary cultures differentiated under
adipogenic medium. G: Relative numbers of adipocytes formed in EDL and EDL muscle derived primary cultures with or without induction by insulin and T3. Asterisks denote
pb0.05 (t-test). Error bars represent standard error of the mean, n=3. H: Relative level of adipogenic gene expressions in EDL and SOL muscle derived primary cultures upon dif-
ferentiation in adipogenic medium, n=4.
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fast and slow muscle IMAT progenitors. In our limiting dilution
culture analysis, the average progenitor cell density is less than one
per well at 1:100 dilution (Figs. 2G and H), therefore the differentiated
adipocytes in eachwell should in theory be derived fromoneprogenitor
(one clone). Inspection of Oil Red O signaling intensity in individual
wells indicates that almost all SOL adipocyte colonies fully covered the
whole area of the wells, but most EDL adipocytes only partially covered
thewells (Figs. 2G andH). This indicates that the average SOL adipocyte
clone size is much bigger than that of EDL colonies, and further sug-
gests that SOL and EDL muscle resident adipogenic progenitors have
intrinsically different growth and differentiation properties.
Muscle resident adipogenic progenitors are from a Pax3−/Myf5− lineage
and give rise to white adipocytes in culture
To explore the developmental origin of skeletal muscle resident
adipogenic progenitors and their relationship to satellite cells, we
performed Cre/LoxP mediated genetic cell lineage tracing and lineageablation. We used Myf5-Cre and Pax3-Cre knockin mice(Engleka
et al., 2005; Tallquist et al., 2000) as the lineage driver and Cre-
induciblemTmG transgenic mouse (Muzumdar et al., 2007) as the lin-
eage reporter. In the absence of Cre, mTmG mouse ubiquitously
expresses membrane-targeted tandem dimer Tomato (mT, a RFP),
but switches to express membrane-targeted GFP (mG) in the pres-
ence of Cre. Lineage ablation is achieved using ROSA26-iDTR mice
that speciﬁcally express the diphtheria toxin receptor (DTR) in Cre-
induced cell lineages, which can then be ablated by administration
of diphtheria toxin (DT).
It has been recently shown during the course of our study that
muscle resident Sca-1+CD34+CD31−CD45− ﬁbro/adipogenic pro-
genitors (FAPs) are derived from a Myf5− lineage (Joe et al., 2010).
Consistent with this observation, we found that all adipocytes differ-
entiated from Myf5-Cre/mTmG EDL and SOL muscles displayed mT
(Fig. S3), suggesting that IMAT is exclusively derived from a non-Myf5
lineage. As Myf5 lineage cells only account for 90% of the satellite cell
population, this result however does not exclude the possibility that
some IMAT is derived from satellite cells.
Fig. 2. Different abundance and properties of adipogenic progenitors in EDL and SOL muscles. A–B: Representative images of PDGFRα immunoﬂuorescence (labeled in Green as a
marker for adipogenic progenitors) in EDL (A) and SOL (B) muscle sections. Nuclei are counterstained with DAPI. C: PDGFRα cells/unit area in EDL and SOL muscles. Error bars
represent SEM, n=5. P value is based on two tail t-test. D: Relative levels of PDGFRα mRNA expression in EDL (normalized to 1) and SOL muscle derived adherent cells (never
been passaged). Error bars represent SEM, n=4. E: Relative levels of PparγmRNA expression in EDL (normalized to 1) and SOL muscles. Error bars represent SEM, n=4. F: Relative
levels of aP2 mRNA expression in EDL (normalized to 1) and SOL muscles. Error bars represent SEM, n=4. G–H: Limiting dilution cultures (1:100 in each well) of adipocytes
(stained with Oil Red O) differentiated from a SOL (G) and an EDL (H) muscle. I: Percentage of wells that exhibited Oil Red O signal calculated from limiting dilution cultures.
Error bars represent SEM, n=3.
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(Bajard et al., 2006; Sato et al., 2010; Tajbakhsh et al., 1997) and all
satellite cells have been shown to be derived from the Pax3 lineage
(Schienda et al., 2006). We further investigated the Pax3 lineage ori-
gin of IMAT using Pax3-Cre/mTmG mice. All skeletal muscle derived
adipocytes in culture were found to be mT+, suggesting that they
are exclusively derived from a non-Pax3 lineage (Figs. 3A–C). By con-
trast, all BAT-derived adipocytes weremG+ in culture (Figs. 3D–F), indi-
cating that they originated from the Pax3 lineage. Interestingly,
adipocytes formed in cultures of anterior subcutaneousWATwere amix-
ture of roughly equal proportions of mG+ andmT+ cells (Figs. 3G–I). To
determine if the intramuscular adipocytes originate from the Pax3
lineage in vivo, we examined Pax3-Cre/mTmG regenerating muscles
(healthy resting muscle has few intramuscular adipocytes). Oil Red O
staining revealed massive accumulation of adipose in the TA muscles
after CTX induced regeneration, with smaller lipid droplets at day 3
(Fig. S4A) and larger ones at day 7(Fig. S4B). As expected, all muscle
ﬁbers were mG+, demonstrating their Pax3 lineage origin. By contrast,
none of the Oil Red O labeled cells exhibited mG ﬂuorescence (Fig. S4).
These results provide compelling in vitro and in vivo evidence that
IMAT is derived from a Pax3− non-satellite cell lineage.
To determine if muscle-derived adipocytes are brown or white ad-
ipocytes, we conducted qPCR to examine brown adipose-speciﬁc
UCP1 gene expression. The UCP1 expression in BAT cultures was
about 160-fold higher than those expressed in the muscle- or WAT-
derived cultures (Fig. 3J). While no signiﬁcant difference in UCP1 ex-
pression was found in the muscle- and WAT-derived adipocytes(Fig. 3K). We conclude that muscle-derived adipocytes in culture
are white rather than brown adipocytes.
Ablation of myogenic cell lineage facilitates adipogenic differentiation
The coexistence of adipogenic and myogenic progenitors in the
skeletal muscle suggests that they may interact with each other
to maintain tissue homeostasis. We used genetic cell ablation tech-
niques to dissect such interactions. To achieve this, Myf5-Cre/
ROSA26-iDTR and aP2-Cre/ROSA26-iDTRmice were established for ab-
lation of muscle resident myogenic and adipogenic cells, respectively.
We further created Myf5-Cre/ROSA26-iDTR/mTmG mice in order to
monitor the efﬁciency of cell ablation. Skeletal muscle derived cells
under growth conditions contained both mG+ (myogenic) and mT+
(adipogenic and ﬁbroblastic) cells (Fig. 4A). DT treatment nearly
eliminated all the mG+cells (Figs. 4B and C), the few remaining
mG+ cells were mostly ﬂoating and unable to fuse into myotubes
under differentiation conditions. In contrast, non-DT treated mG+
cells readily fused into myotubes upon induced differentiation
(Fig. 4D); whereas DT treatment efﬁciently eliminated these mG+
cells resulting in only mT+ adipocytes (Fig. 4E). These data demon-
strate that the iDTR mouse model provides an effective tool for
lineage-speciﬁc cell ablation.
Notably, DT induced ablation of myogenic Myf5-lineage robustly
increased the number of adipocytes in SOL cultures (Figs. 4F and G),
as indicated by the signiﬁcant increase in Oil Red O signal intensity
(Fig. 4H). Similar enhancement of adipogenesis was observed in EDL
Fig. 3. Pax3 lineage origin of skeletal muscle (IMAT), brown fat (BAT) and subcutaneous white fat (WAT) derived adipocytes. Results are based on Pax3-Cre/mTmG mice in which
Pax3-lineage cells are labeled in Green (mG, membrane-GFP) and Pax3-independent lineage cells are labeled in Red (mT). A–C: Skeletal muscle derived adipocytes in culture.
(A) mT and mG ﬂuorescence, (B) Phase-contrast images, (C) The relative percentage composition of mT and mG positive adipocytes (n=3). D–F: BAT derived adipocytes in culture.
(D) mT and mG ﬂuorescence, (E) Phase-contrast image, (F) The relative percentage composition of mT and mG positive adipocytes (n=3). G–I: Anterior subcutaneous WAT
derived adipocytes in culture. (G) mT and mG ﬂuorescence, (H) Phase-contrast image, (I) The relative percentage composition of mT and mG positive adipocytes (n=3). J: Relative
level of Ucp1 expression in IMAT (SOL), BAT, WAT (normalized to 1) derived adipocytes. Error bars represent SEM, n=2. K: Relative level of Ucp1 expression in IMAT (SOL) and
WAT derived adipocytes. Error bars represent SEM, n=2.
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gest that myogenesis would normally inhibit adipogenesis in the
skeletal muscle and failures of myogenesis, commonly seen in muscu-
lar dystrophy and atrophy, lead to enhanced adipogenesis and fat
inﬁltration.
aP2 lineage interstitial cells rapidly increase in regenerating muscles but
rarely directly fuse into myoﬁbers
To investigate if adipogenic cell lineage plays a role in skeletal
muscle homeostasis, we ﬁrst examined the dynamics of aP2 lineage
cells in both resting and regenerating muscles, as well in muscle cell
cultures. We examined aP2-Cre/mTmG muscle sections and found
that mG is predominantly expressed by muscle interstitial cells
(Figs. S5A and B; Figs. 5A–C). Importantly, the number of aP2 labeled
(mG+) interstitial cells increased rapidly during muscle regeneration
(Figs. 5D–F). The relative number of mG+ cells at day 7 after CTX
induced injury was about 3 times of that in non-injured muscle
(Fig. 5G). Interestingly, we found that about 8% of myoﬁbers also ex-
press mG+ in non-CTX treated resting muscles, and this frequency
dropped to below 5% at day 7 regenerating muscles (Fig. 5H). As the
mG+ interstitial cells increase during regeneration (Fig. 5G), a reduc-
tion in mG+ regenerating ﬁbers suggests that the mG+ cells rarely
fuse into regenerating myotubes.
The above results suggest a low frequency of aP2 activation in sat-
ellite cells or post differentiation myotubes. Indeed, cultures of satel-
lite cell derived primary myoblasts from aP2-Cre/mTmG mice
contained a small fraction of mG+ cells (Fig. 6A). FACS analysis indi-
cates that there are roughly 10% of mG+ and 90% mT+ cells
(Figs. 6B–D); this ratio of myoblast composition is in relative consis-
tency with the ratio of mG+ to mT+ muscle ﬁbers in vivo. We further
sorted the mG+ and mT+ cells by FACS and placed them in culture
(Figs. 6E and F). Proliferating mG+ and mT+ cells both had round
myoblastic shape and similar size (Figs. 6E and F). When induced to
differentiate, the mT+ cells robustly formed multinulcear myotubes,whereas the mG+ cells mostly exhibited an elongated shape but
barely fused into multinuclear cells (Figs. 6G and H). At day 4 after in-
duced to differentiate, each mG+ cell contains 1.3±0.1 nuclei, com-
pared to 3.3±0.2 nuclei per mT+ cell (Fig. 6I). Using a different
criterion, only 25% of the mG+ nuclei were found to have fused into
multinuclear cells, compared to 90% of mT+ nuclei that have fused
into multinuclear cells (Fig. 6J). These results indicate that although
10% of myoblast-like cells have activated aP2 gene expression, these
cells don't fuse into myotubes efﬁciently.
Ablation of aP2+ adipogenic cell lineage inhibits muscle regeneration
To directly examine the role of adipogenic cells in skeletal muscle
homeostasis, we generated aP2-Cre/ROSA26-iDTR mice (called aP2-
iDTR), which allowed us to ablate aP2 cell lineage by DT administra-
tion. As the aP2 lineage cells are predominantly non-myogenic
(Fig. 6), this cell ablation strategy should preserve the myogenic cell
lineage. IP injection of DT (200 ng/25 g mouse) had no effect on wild-
type, aP2-Cre or ROSA26-iDTRmice, but killed all aP2-iDTR mice (data
not shown), presumably due to ablation of some neuronal cells and
macrophages that are known to express aP2 (Furuhashi et al., 2008;
Urs et al., 2006). The leaky expression of aP2 outside the adipogenic
lineage represents a caveat of the aP2-Cremodel. We therefore focally
injected 20 ng of DT into the middle belly of TA muscles of aP2-iDTR
mice to circumvent lethality. Compared to CTX only injection, DT+
CTX injection of TA muscles resulted in robust reduction of PDGFRa+
cells at 2 days post injury (dpi) and 5 dpi (Figs. S6A–D). Quantitative
Realtime PCR analysis indicates that transcripts of Dlk1 and Pdgfrα,
markers of preadipocytes, were reduced by over 80% at 2 dpi
(Fig. S6E) and by 40%–80% at 5 dpi (Fig. S6F), and returned to normal
at 10 dpi (Fig. S6G). These results demonstrate the efﬁcient ablation
of adipogenic cells within 5 days after DT treatment. The later recov-
ery of Dlk1 and Pdgfrα expression at 10 dpi suggests a replenishment
of adipogenic cells by progenitors from non-injured region or from
the circulation.
Fig. 4. Ablation of Myf5-lineage myogenic cells enhanced adipogenesis of muscle derived progenitors. Results are based on Myf5-Cre/mTmG/ROSA26-iDTR mice in which Myf5-
lineage cells are labeled in Green (mG, membrane-GFP) and sensitive to diphtheria toxin (DT), whereas non-Myf5 lineage cells are labeled in Red (mT) and are insensitive to
DT treatment. A–B: Skeletal muscle derived cells under growth conditions (before differentiation). (A) mT and mG ﬂuorescence can be detected without DT treatment, (B) DT treat-
ment selectively ablates mG positive Myf5-lineage cells. C–D: Skeletal muscle derived cells after differentiation in adipogenic medium. (C) Myotubes are mG positive and non-
myogenic interstitial cells are mT positive prior to DT treatment, (D) DT treatment selectively ablates mG positive myotubes but not mT positive adipocytes. E–F: Representative
Oil Red O staining of skeletal muscle derived adipocytes in culture with (F) or without (E) DT treatment. G: Efﬁciency of DT mediated cell ablation indicated by quantiﬁcation of
mG positive cells before and after DT treatment. Error bars represent SEM, n=3. H–I: Relative Oil Red O signal intensity of SOL (H) and EDL (I) muscle derived primary cultures
before and after DT mediated ablation of myogenic cells. Error bars represent SEM, n=3.
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spread regeneration, DT alone injection caused little or no damage to
myoﬁbers with only few visible regenerating myoﬁbers at 15 dpi
(Figs. 7A–F) that likely represent the 10% aP2 activated myoﬁbers
(Figs. S5A and B). The only noticeable changes in muscle morphology
after DT injection are slightly increased interstitial space at 5 and
10 dpi (Figs. 7B, D), presumably due to ablation of interstitial aP2 lin-
eage cells, which returned to normal at 15 dpi (Fig. 7F). These results
suggest that adipogenic lineage cells are not essential for short-term
muscle maintenance. However, their long-term effect on muscle
homeostasis is still unclear but can be assessed after repeated bouts
of DT injection to prevent replenishment of the adipogenic cells.
Next, we injected CTX alone or CTX+DT into the TAmuscles of aP2-
iDTR mice and inspected muscle morphology based on H&E staining of
muscle sections harvested at 5, 10 and 15 dpi (Figs. 7G–L). Strikingly,
the muscle regeneration was severely inhibited in the aP2-iDTR mice
whose adipogenic cells were ablated by DT. Speciﬁcally, CTX+DT
injected aP2-iDTR muscles poorly regenerated as compared to CTX
alone injection at all three time points examined (Figs. 7G–L). In sharp
contrast, the control aP2-Cre or ROSA26-iDTR (data not shown) skeletal
muscles were regenerated equally well whether they were injured by
CTX alone or CTX+DT injection (Figs. 7M–R). Enumerating newly
regenerated myoﬁbers with central nuclei conﬁrms the regenerative
defect caused by the ablation of aP2 cell lineage (Figs. 7S–X). In the con-
trol aP2-Cremice, the regeneratingmyoﬁber number per unit areamus-
cle was not affected by CTX alone or CTX+DT treatment at all timepoints (Figs. 7T, V, X). By contrast, the number of regenerating myoﬁ-
bers was dramatically reduced by DT in the aP2-iDTR mice at 5 and
10 dpi (Figs. 7S, U). Although the number of regenerating myoﬁber
was only slightly reduced at 15 dpi (Fig. 7W), thesemyoﬁbers were ob-
viously smaller in the CTX+DT compared to CTX only treatment
(Figs. 7K, L). Furthermore, substantial interstitial cell nuclei inﬁltration
was apparent in the CTX+DT treated TA muscles at 10 and 15 dpi
(Figs. 7J, L). These observations indicate elevated inﬂammatory re-
sponses in regenerating muscles devoid of aP2 lineage cells. Immuno-
histochemistry labeling revealed similar defective muscle regeneration
upon ablation of aP2 lineage cells (Figs. S5C–E). These data show that
aP2+ adipogenic lineage cells play a positive role in mediating skeletal
muscle regeneration upon acute injuries.
Reduced myoblast differentiation after ablation of aP2 lineage
adipogenic cells
To assess the effect of aP2 cell lineage ablation on satellite cells, we
examined Pax7 (a myogenic progenitor marker), MyoD and Myogenin
(markers for early and late myogenic differentiation) expression in
regenerating aP2-iDTRmuscleswith orwithout DT treatment. Pax7 im-
munoﬂuorescence signal was similar in both CTX and CTX+DT treated
TA sections at 5 dpi (Figs. 8A and B), but an increased Pax7+ cells were
found in CTX+DT than CTX treated sections at 10 dpi (Figs. 8C and D).
In contrast, there was a decrease in MyoD+ and Myogenin+cells in
CTX+DT treated sections at 5 dpi, but not at 10 dpi (Figs. 8E–L).
Fig. 5. Dynamic of aP2 lineage cells in resting (non-CTX treated) and regenerating (7 d after CTX) muscles. Results are based on aP2-Cre/mTmG cells in which aP2 lineage cells are
GFP+ and non-aP2 lineage cells are RFP+. A–C: GFP and RFP expressions in non-CTX treated resting TA muscle section. Nuclei are counterstained by DAPI. Myoﬁbers are the large
red round cells. D–F: Regenerating muscle at 7 day after CTX treatment, showing increased abundance of interstitial GFP+ cells. G: GFP+ interstitial number per unit area in non-
CTX and CTX treated muscles, n=4. H: Percentage of myoﬁbers that are labeled with GFP or RFP in non-CTX and CTX treated muscles, n=4. * Pb0.05, ** Pb0.01.
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ged, whereas MyoD and Myogenin were both decreased by more than
50% in CTX+DT treated muscles at 5 dpi (Fig. 8M). Interestingly,
there was a 3-fold increase in Pax7, and marginal increases in MyoD
andMyogenin gene transcription at 10 dpi in the CTX+DT treatedmus-
cles (Fig. 8N). The robust increase in Pax7 at 10 dpimay be induced a re-
covery of aP2 cells after initial cell ablation, combined with the residual
effect of blocked myogenic differentiation (thus increase in progenitor
cell number). These results indicate that ablation of aP2 cell lineage
leads to an inhibition of myogenic differentiation early during muscle
regeneration, leading to regenerative defects upon acute muscle injury.
Decreased myogenesis is accompanied by elevated inﬁltration of IMAT in
old mice
To establish the interaction between myogenesis and adipogen-
esis under physiological conditions, we examined 18-month old
mice. TA muscles were collected from the old mice and IMAT was
labeled by Oil red O staining. We found substantial fat inﬁltration in
the old, compared to the young (2-month-old), muscle sections
(Figs. S7A and B). Upon CTX injection into TA muscles, the injured
young muscles robustly regenerated, manifested by newly regener-
ated ﬁbers with central nuclei and lack of fat inﬁltration (Fig. S7C).
In contrast, muscle regeneration in the old muscles was extremely
poor and adipocyte inﬁltration was very common (Fig. S7D).
Compared with old mice, there were about 5-times more newly
regenerated muscle ﬁbers in the young mice (Fig. S7E). Importantly,
lineage tracing using Myf5-Cre/mTmG mice indicates that none
of the adipocytes emerging in regenerating old muscles exhibited
mG. Thus, decreased myogenic potential in the old mice isaccompanied by elevated adipogenesis mediated by a population of
Myf5-independent progenitors.
Discussion
Our results support a conclusion that compared to the fast EDL
muscle, the slow SOL muscle contains higher density of adipogenic
progenitors and thus have higher adipogenic activities. Intriguingly,
satellite cell density is also higher in the SOL compared to EDL muscle.
Similar correlations in the muscle type and adipogenic potential were
reported in rat muscles(Yada et al., 2006). Slow SOL muscle contains
over 90% of oxidative (type I and IIa) myoﬁbers, therefore they are
more enriched with mitochondria and have a higher demand for ox-
ygen supply. In contrast, the EDL muscle contains predominantly gly-
colytic (Type IIx and IIb) myoﬁbers and has a lower demand for
oxygen supply. In response to the higher demand of oxygen supply,
slow muscles develop higher densities of vasculature(Lillioja et al.,
1987). As adipogenic progenitors are known to be mostly associated
with blood vessels, this higher density of vasculature in the slowmus-
cles explains why adipose progenitors are more abundant in the SOL
than EDL muscles.
Because reducedmyogenesis in the skeletal muscle is often associat-
ed with ectopic accumulation of IMAT, it has long been assumed that
IMAT is derived from myogenic satellite cells, which may take alterna-
tive cell fates under disease conditions (Mora, 1989). Satellite cells
were thought to be the progenitors for both adipocytes and skeletal
muscles, and in vitro experiments showed thatmyogenic cells can be in-
duced to form adipocytes (Asakura et al., 2001; Csete et al., 2001; Shefer
et al., 2004; Yeow et al., 2001). Our lineage tracing experiments using
Myf5Cre/mTmG transgenicmice clearly demonstrated that IMAT formed
Fig. 6. aP2 cell lineage poorly fused to generate multinuclear myotubes. Results are based on aP2-Cre/mTmG cells in which aP2 lineage cells are GFP+ and non-aP2 lineage cells are
RFP+. A: Early passage (p3) myoblasts derived from aP2-Cre/mTmGmuscle and enriched by preplating to removed ﬁbroblastic cells. Notice that most myoblasts are RFP+(non-aP2
lineage), with only few GFP+(aP2 lineage) cells. B–D: Percentage composition of aP2 and non-aP2 lineage cells (B) determined by ﬂuorescence activated cell sorting (FACS) based
on GFP (C) and RFP (D) ﬂuorescence. E–F: FACS sorted mG+ (E) and mT+ (F) cells under growth conditions. G–H: FACS sorted mG+ (G) and mT+ (H) cells 4 days after induced
to differentiate. I–J: Extremely poor fusion ability of aP2 lineage cells (GFP) compared to non-aP2 lineage cells (RFP), based on the average number of nuclei per cell (I), or the per-
centage of nuclei that have been fused (J) at day 4 after induced differentiation, n=3. * Pb0.05, ** Pb0.01.
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Fig. 7. aP2 cell lineage ablation impairs muscle regeneration in vivo. TA muscles of aP2-Cre/ROSA26-iDTR (aP2-iDTR) mice and aP2-Cre control mice are injected with diphtheria
toxin (DT), or cardiotoxin (CTX), or both, and examined at 5, 10, 15 days post injection (dpi). CTX induces muscle degeneration and DT serves to ablate adipogenic cell lineage in the
aP2-iDTR muscle. A–F: aP2-iDTR TAmuscles contralaterally injected with CTX or DT, and harvested at different time points for H&E staining. Notice widespreadmuscle regeneration
(characterized by central nuclei in regenerating muscle ﬁbers) in CTX but not DT treated muscles. G–L: aP2-iDTR TA muscles contralaterally injected with CTX or CTX+DT, and
harvested at different time points for H&E staining. CTX+DT treatment impaired muscle regeneration demonstrated by the lack of regenerating ﬁbers with central nuclei and
excessive accumulation of interstitial nuclei. M–R: aP2-Cre TA muscles treated identically as described in G–L. Muscle regeneration is morphologically indistinguishable between
the CTX and CTX+DT treatment. S–X: Number of regenerating ﬁbers per unit area showing reduced ﬁber number in CTX+DT treated aP2-iDTR muscles but not in the control
aP2-Cre muscles, n=3. * Pb0.05, ** Pb0.01.
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Myf5-lineage. This is consistent with recent lineage tracing studies (Joe
et al., 2010; Schulz et al., 2011; Uezumi et al., 2010), and further indi-
cates that the adipocytes ectopically formed in skeletal muscle are not
from myogenic satellite cells that express Myf5. However, it is unclear
whether the Myf5-independent satellite cells (which account for 90%
of all satellite cells(Kuang et al., 2007)) contributed to the intramuscular
adipocytes. To answer that question, Pax3-Cre/mTmG cell lineage trac-
ing was performed. As all satellite cells are derived from embryonic
Pax3-progenitors (Kassar-Duchossoy et al., 2005; Relaix et al., 2005;
Schienda et al., 2006), if they ever differentiate into adipocytes then
these adipocytes should be labeled by mG. Again, we found that none
of the IMATwas labeledwithmG. These data suggest that intramuscular
adipocytes are not derived from satellite cells or Pax3-expressing
mesoderm. It is likely that the IMAT originates from a mesenchymal or
haematopoietic progenitor population associated with blood vessels
(Majka et al., 2010; Sera et al., 2009).
Whether IMAT represents a population of brown or white adipo-
cyte, or a mixture of both, is not established. Previous studies have
shown that brown adipocytes are present in the skeletal muscles
(Almind et al., 2007; Crisan et al., 2008). In addition, brown adipocyte
progenitors can be identiﬁed and isolated from human skeletal mus-
cles (Crisan et al., 2008). Furthermore, skeletal muscle resident pro-
genitors (including satellite cell derived myoblasts and other non-
myogenic progenitors) can give rise to brown adipocytes if induced
with Prdm16 or BMP7 under culture conditions(Schulz et al., 2011;Seale et al., 2008). It is unclear if there is a progenitor cell population
in the skeletal muscle that can differentiate into brown adipocytes
without Prdm16 or BMP7 induction. Our qPCR analysis indicates
that the UCP1 expression level in the skeletal muscle derived adipo-
cytes is similar to that of the WAT progenitor-derived adipocytes,
both are about 160 times lower than that of BAT progenitor-derived
adipocytes. These results demonstrate that muscle resident adipogenic
progenitors predominantly give rise to white adipocytes in culture.
However, it is possible that Myf5-lineage brown adipocytes do present
in themuscle in vivo under certain physiological conditions and forma-
tion of ectopicwhite adipocytes only occurs during aging or under path-
ological conditions when normal myogenesis is inhibited.
Our adipogenic and myogenic lineage ablation results suggest a
model in which skeletal muscle and IMAT dynamically interact. In
young healthy muscles, little adipocyte inﬁltration is evident due to
the inhibitory effect of myogenesis on adipogenesis. As muscle de-
generates, adipogenesis is enhanced in muscle (Wagatsuma, 2007),
which in turn facilitates muscle regeneration probably mediated by
secretion of promyogenic cytokines. Subsequent muscle regeneration
then inhibits adipocytes and results in few ectopic adipocytes upon
completion of muscle regeneration. Under disease conditions or in
mutant mice when myogenesis is defective, ectopic adipocytes and
ﬁbroblastic cells gradually expand and replace muscle cells (Mora,
1989). In our old mice studies, we also observed that elevated adipo-
genesis accompanying decreasedmyogenesis. This dynamic interaction
of adipogenesis and myogenesis, regulated by local environmental and
Fig. 8. aP2 cell lineage ablation leads to defective myogenic differentiation. TA muscles of aP2-iDTR mice are treated with CTX+DT and examined for Pax7, MyoD and Myogenin
expression. CTX alone treatment of contralateral TA muscles was used as control. A–L: Representative immunoﬂuorescence labeling of Pax7 (A–L), MyoD (E–H) and Myogenin (I–L)
in TA muscle sections treated with CTX or CTX+DT at 5 and 10 days post injection (dpi). Pax7, MyoD and Myogenin signals are shown in Red. Nuclei are counterstained by DAPI in
blue. Myogenic cell nuclei are labeled by Pax7/MyoD/Myogenin and DAPI and therefore are purple (for example, the two Pax7+ nuclei indicated by arrows). Notice that degener-
ated/necrotic ﬁbers (large round structure) are none speciﬁcally labeled in red. M–N: Relative levels of Pax7,MyoD andMyogenin at 5 dpi (M) and 10 dpi (N) quantiﬁed by Realtime
qPCR. The control (CTX alone treatment) levels are normalized to 1, n=3. * Pb0.05, ** Pb0.01.
37W. Liu et al. / Developmental Biology 361 (2012) 27–38systemic signals, underlies the kinetics of muscle regeneration and the
pathological fat inﬁltration in aged muscles (Gopinath and Rando,
2008; Wagatsuma, 2007).
Obesity as a major health concern in modern era is associated with
other health problems like type II diabetes and cardiovascular disease
(Kopelman, 2000). In addition to the obesity metabolic risks, adipose
tissue development in skeletal muscle is widely recognized as one of
the hallmarks of muscle wasting conditions such as sarcopenia (Song
et al., 2004). The effect of adipose tissue in skeletal muscle is not only
important in muscle diseases but also has been of interest to animal
agriculture, as IMAT contributes to the juicy and tender taste in
meat quality assessment (Karlsson et al., 1999) (Kim et al., 2009).
Understanding of the origin of IMAT and molecular mechanisms regu-
lating muscle-adipose interaction will contribute to our ability to inﬂu-
ence relative fat and lean deposition to improve meat quality in animal
production and achieve optimal body composition in human health.Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2011.10.011.Author contribution
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